Abstract High magnetic field shielding has been increasingly important for engineering design in recent years. In this report, a cylindric shield made from soft iron is studied using FEM (finite element method) analysis and compared with experiments. The residual fields inside the shield are calculated and measured in both parallel and perpendicular fields up to 2000 Gs. The calculated results are compared with the experiments, and the input B-H curve is modified for a better conformity. The results indicate that the covers could greatly improve the shielding performance of the cylindric shield in our research. The comparison result shows that a proper B-H curve, which can well describe the material properties, is very important in FEM analysis and should be selected carefully.
Introduction
Magnetic shielding has been developed for many years, but studies mostly focus on the low field case. Shielding for a stray static field higher than 1000 Gs, just like the field level near ITER (International Thermonuclear Experimental Reactor) device, is rarely reported.
ITER will be the first experimental reactor to produce a 'burning' deuterium-tritium plasma [1] . The fuel gases for plasma initiation, density control, fuel replenishment, and impurity gases for radiative cooling and fusion power shutting down will be injected into the torus by the gas injection system (GIS) [2] . As the actuating part of the GIS, gas valve boxes (GVBs) provide the control of gas species and throughput, as well as the measurement of the gas pressure, flow rate, and temperature. In order to meet the requirements on response time for the gas injection, these GVBs will be installed inside the port cells, which are about 16-20 m away from the center of the ITER device. The maximum stray magnetic field around GVB positions reaches about 2000 Gs according to a rough estimation. Some sensitive devices in GVBs such as electromagnetic valves and mass flow controllers will be affected intensively. At present, the sensitive components could be supposed to be able to work normally in fields below 50 Gs according to some documents provided by IO (ITER Organization). Therefore it is a critical problem to design an effective magnetic shielding for the sensitive devices.
Take one electromagnetic valve as an example. It has a cylindrical shape with a size of Φ130×130 mm, then the corresponding cylindric shield could be Φ150 mm×150 mm. The shield is made of soft iron and annealed in hydrogen gas for better performance. It is calculated and measured under a field of 2000 Gs, which is parallel or perpendicular to the cylinder axis. In this paper, the method and technique of FEM analysis are briefly presented in section 2. The facility and method for experimental measurement are described in section 3, and the results and discussion are given in section 4.
FEM analysis and shield design
The FEM technique is increasingly popular due to its ability to deal with complex geometries [3−5] . The commercial software ANSYS R is selected and the edge based vector potential method is used in the magnetostatic analysis. Only half of the realistic model is considered in view of the symmetric structure ( Fig.1(a) ). The realistic current density is applied to the elements of the solenoid. The tetrahedral element 237 is adopted and it has ten nodes, with one DOF (degree of freedom) of edge-flux Az on each of six midside nodes while no DOF on four corner nodes. A surrounding spherical air box with radius of 6 m is defined to model the far field boundary.
As an important input for FEM analysis, the magnetization curve (also called the B-H curve, see Fig. 1 
is obtained from the measurement of soft iron specimens by using the impact current method (ICM). The tested specimen is annular in shape with a size of Φ in 50 mm×Φ out 60 mm. It is annealed in hydrogen gas in the same way as the shield sample. In order to estimate the shielding performance, a magnetic field of 2000 Gs, which is parallel or perpendicular to the cylindrical shield, is applied in the FEM analysis. A hole of 15 mm on the top cover is made for the penetration of necessary pipes or cables. The calculation shows that the residual field at the center of the shield is reduced to about 48 Gs and 8 Gs in the cases of parallel and perpendicular fields, respectively, when the cylindrical shield is 30 mm thick. So the soft iron shield with dimensions of Φ in 150 mm×150 mm×30 mm was expected to meet the requirements for any field directions.
3 Experimental facility and measurement layout
In order to validate the calculated results, the iron shield is then manufactured and tested on a platform. This platform (Fig. 2) mainly includes a solenoid with a water-cooled loop, a constant current power supply, a mechanical system, and a Gauss-meter. The inner diameter of the solenoid is 700 mm and its height is 1000 mm. The high power IGBT (insulated gate bipolar translator) technique is used in the constant current source, which has an output current of 0-850 A and a rated power of 70 kW. The shield sample is supported by a mechanical system and the Hall probe can be moved in the sample. To avoid any field distortion, all the mechanical parts are made of aluminum alloy or copper. The shield samples are hooped by a ferrule between two arms hanging on an annular plate, which is fixed on the top of the solenoid. By rotating shafts on two arms, the direction of samples can be adjusted in the range of 0 o -360 o . The Hall probe shift system is mounted on the top cover of the cylindrical shield. The transmission gear system, which is connected to the hand knobs by spring screws, makes the probe movable in the axial or radial directions. The Gauss meter has a measurement range of 0.01 mG-300 kGs and a precision of 0.2%.
The calibration data of the solenoid show a good linearity between the fields and the currents (Fig. 3(b) ). A stable static magnetic field up to 2000-2100 Gs could be generated in the central area (Φ in 300 mm×300 mm), where the tested shield is located, as shown in Fig. 3(a) . The calculated field distribution on the central axis is in good agreement with the measured result.
Results and discussion
The shielding performances of the cylindrical iron shield with/without covers are studied under both the parallel and perpendicular fields. The residual field distribution on the central axis of a cylindrical shield is shown in Fig. 4 . The external field is at a level of 2000 Gs and parallel to the cylinder axis. It can be seen that the cylindrical shield without covers has poor performance. The residual field is over 500 Gs at the Fig.4 The distribution of residual field along the central axis in a cylindrical shield under an external parallel field up to 2000 Gs center and over 1600 Gs near the ends. When the covers are added to both ends of the shield, the residual field is reduced to lower than 100 Gs and the distribution is more uniform. It can be concluded that shielding performance is substantially improved by using the covers. A similar result could be obtained in the perpendicular field case, as shown in Fig. 5 . For the shield with covers, the residual field is about 95 Gs in a parallel field, while it is only about 7 Gs in a perpendicular field. It is much higher in the parallel field than in the perpendicular field, which can be explained by the flux concentration effect [6] in the high parallel field.
The calculated results are compared with the experiments for each case. The deviation between experiment and calculation is less than 10% in the no-cover case under a parallel field and the with-cover case under a perpendicular field. But the deviation is very large in the with-cover case under a parallel field and the no-cover case under a perpendicular field. In order to obtain a better conformity, the B-H curve is modified by reducing the induced magnetization (B) values to 94% (Fig. 1(b) ). Using the modified B-H curve as input data for the FEM analysis, the deviation between calculation and experiment is reduced to less than 20% in each case. A possible reason for this is that the B-H curve measured from small specimens is different from the realistic material properties of the shield. It is comprehensible that products with smaller size have higher magnetic properties compared with larger ones because of the easier control of parameters in manufacture and annealing processes.
Summary
A cylindrical shield sample with dimensions of Φ in 150 mm×150 mm×30 mm is studied using FEM analysis and the results are compared with the experiments. The residual field inside the shield is calculated and measured in external parallel and perpendicular fields up to 2000 Gs. It is indicated that the covers could greatly enhance the shielding performance of the cylindrical shield in our research. The comparison result shows that a proper B-H curve, which can well describe the material properties, is very important in FEM analysis, and the sample usually has worse properties than that measured from small specimens.
In practical applications of high magnetic field shielding, the cylindrical shield with covers is preferred, and it would be better that the stray field is perpendicular to the cylinder axis. Anyway, necessary margins should be left in the engineering design when FEM analysis is adopted.
